This paper investigates the simulation of a hybrid desalination system composed of multi-effect evaporation with thermal vapour compression desalination (METVC) and reverse osmosis (RO) plant. The hybrid desalination system is also integrated with a gas turbine power plant through a heat recovery steam generator (HRSG). First, a comprehensive Thermodynamic model for HRSG, METVC, and RO are developed for predicting thermal behaviour of hybrid desalination system. Depending on the interconnection between input and output streams of METVC and RO, six configurations are proposed, and their results are compared in two different scenarios. In the first scenario, METVC desalination production is fixed at its maximum capacity of 70000 m 3 /day. The heat potential of power plants is fully extracted at maximum capacity of production of METVC. In the second scenario, METVC desalination production is not fixed. The limitation on the total production of the desalination plant (METVC+RO) is imposed as a constraint to the optimization problem. The results show that, regardless of the scenario under consideration, cconfiguration 1(the outlet water of the cooling system in METVC has been used for the feed water of the RO system) has the minimum energy consumption as well as maximum exergy efficiency.
INTRODUCTION 1
With population growth and industrial demands for drinking water, many technologies have been developed to make fresh water from brackish and seawater. However, the quantity and quality of fresh water, process and economic efficiency, and energy consumption are key factors to prefer the type of convenient technology. Furthermore, the efficiency of industrial processes and thermal plants, as well as energy recovery, is highly regarded due to the decline of fossil fuel resources [1] . Applying thermal desalination technologies can be considered as one of the most beneficial methods in recovery of waste heat of power plants. Multi-stage flash (MSF) desalination and multi-effect evaporation (MED) with thermal vapour compression (METVC) are the most common types of thermal desalination systems.
*Corresponding Author Email: se.shakib@buqaen.ac.ir (S. E. Shakib) Comparative study of METVC and MED desalination systems shows the advantages of METVC desalination system in longer operation life and lower capital cost, scaling rates, corrosion, and pumping power consumption [2] . On the other hand, the rate of development in reverse osmosis (RO) units reduces the high cost of desalted water compared to the thermal methods such as MSF [3, 4] .
MED and METVC desalination systems have been investigated technically and theoretically in recent years. For instance, economic assessment [5] [6] [7] , energy cost [8] , hybrid thermal desalination structures [9] , simulation of MED-TVC units [10] , optimal operation schemes [11] , exergy analysis and thermoeconomic cost [12] , and Techno-economic analysis [13] have been studied by some researchers.
The rate of development in reverse osmosis (RO) units reduces the high cost of desalted water compared to the thermal methods such as MSF [3, 14] . A hybrid desalination plant for recovering heat potential of power plant (METVC) and a RO unit enhances the thermal efficiency and reduces the cost of production. Many researches have been investigated the hybrid desalination plants from several aspect of views. Awerbuch et al. [15] , Altmann [16] , and Al-Mutaz [17] studied MSF and RO desalination technologies. At the same time, a few researchers have evaluated METVC+RO desalination. La Bar et al. [18] and Kamal [19] studied RO and LTMETVC 1 desalination technologies in the context of power plants in the US. The performance of each of these desalination technologies was economically analysed in two ways, solely and hybrid.
Muginstein et al. [20] studied RO and METVC desalination technologies related to combined cycle power plants. They investigated two scenarios of dual purpose plants, METVC and RO technologies. In METVC technology, the capacity of daily dispatch limited the output of desalination plant. The RO unit recieved its essential energy from electricity production of power plant.
Cardona et al. [21] studied a hybrid METVC+RO desalination unit. The METVC unit received the essential thermal energy from a diesel generator. The hybrid system reduced the cost of fresh water and production of carbon dioxide by 8% and 30%, respectively.
Messino et al. [22] conducted a similar study to the one conducted by Cardona et al. [21] . The only difference lay in the absence of thermal coupling between METVC and RO. The drinking water was mixed to achieve the quality.
Zak et al. [23] reviewed thermal desalination, seawater reverse osmosis (SWRO), and co-generation of power and water in the context of their use in hybrid plants. They also reviewed the design and economics of hybrid desalination plants. In another study, Iaquaniello et al. [24] proposed an integration of CSP with multieffect distillation (MED) and RO desalination processes. The MED is powered by low temperature exhaust steam delivered from a steam turbine, while the RO is powered by electricity produced by the same steam turbine and gas turbine integrated as a thermal backup system.
Mokhtari et al. [25] presented a design of a Gas Turbine, MED, and RO to provide electrical power and water for Bashagerd County in the south of Iran. They selected an MED unit to be combined with Siemens gas turbine plant, but due to the high flow rates of the MED reject, a RO system was used the reject of the MED system as the feed water. In a similar study, Sadri et al. [26] presented a mathematical model for the hybrid MED-TVC+RO system. The proposed system utilized the reject of RO as the feed water of MED-TVC and the 1 Low Temperature Multi Effect Desalination final product was obtained by mixing the RO and MED-TVC products.
As described above, the simultaneous use of thermal and osmosis technologies has gained wide acceptance in the past few years, a few numbers of which have focused on METVC+RO plants as before-mentioned. Nevertheless, only some studies in this regard have focused on general issues since their results have not been able to present a general conclusion.
To be more precise, no comprehensive research has considered the simultaneous combination of METVC and RO. In fact, the gap is obvious in studying the integration method of these two desalination systems and various configuration optimizations. In other words, the basic challenge is how the METVC and RO should be combined with each other. Considering the limitations of the mentioned studies and in continuation of previous researches [27, 28] , in this study, several possible configurations of METVC and RO were first proposed and then the optimum configurations of METVC and RO with HRSG and the gas turbine cycle were investigated to achieve the optimum amounts of the key thermodynamic parameters. At the same time, HRSG was modelled and optimized, simultaneously. The interaction of METVC and RO plants is studied as several configurations in various scenarios. Consequently, the optimum integration of METVC+RO hybrid desalination with a gas turbine cycle was investigated by two approaches with respect to total product capacity.
SYSTEM DESCRIPTION
The system under consideration comprises a gas power plant, a recovery boiler, METVC desalination, and RO desalination. Nation Figure 1 shows schematic diagram of the desalination system. The integration between heat recovery steam generator (HRSG), METVC, and RO desalination units is discussed here. 
1. Heat Recovery Steam Generator (Hrsg)
A HRSG unit recovers the heat potential of high temperature flue gas of turbine exhaust. Furthermore, HRSG generates the essential steam for desalination system. Figure 2 shows the schematic diagram of the HRSG applied to the power plant. HRSG is composed of an economizer and an evaporator to generate essential motive steam for METVC unit. The required motive steam is assumed to be saturated. Therefore, the boiler does not need any super heater section.
In the economizer, according to theoretical concepts, the state of water changes into saturated liquid. However, in actual operating conditions, vapour formation of outlet water at the end of the economizer, are the major restrictions for water state changing. So, the temperature of outlet water of the economizer is lower than the saturated temperature in actual process. This difference temperature is introduced by the approach point. On the other hand, the pinch point minimize the difference between the gas temperature of the evaporator outlet and the saturation temperature. Therefore, a lower pinch point results a HRSG with a large heat transfer surface. Thus, increasing the pinch point temperature results a reduction in the essential heat transfer surface. Eventually, the pinch point should be considered from both thermodynamic and economic points of view. Therefore, both the pinch point and the approach point are included in the modelling. The HRSG model is comprehensive enough to forecast the real case behaviour and simulate thermal performance, which is presented completely in reference [29] by the authors. Table 1 shows the verification of the HRSG model. Figure 3 shows the schematic diagram of METVC plant, by applying mass and energy conservation laws to the evaporators, steam ejector, flash boxes, and condenser, a mathematical model is developed. The mathematical model evaluates the thermal performance and METVC essential heat transfer area.
2. Metvc Modelling
The following assumptions are considered for the desalination system: -METVC vapour is free of salt in each effect.
-No heat loss is found in the desalination or the environment.
-Final reject salinity is assumed 70,000 ppm in METVC plant.
-The heat transfer area is the same for each evaporator (2 to N). -The temperature difference is initially the same for all effects, where T1 and TN are the the temperatures of first and the last effect, respectively:
The mass conservation of Water and salt for the first effect and effects 2 to N are as follow:
.
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where F, B, and D represent salty water flow rate, waste water, and drinking water (kilogram per second), respectively. x displays salinity percentage, and i subindex indicates the step. The first-effect motive steam is supplied by the heat recovery steam generator. Therefore, the energy balance equation can be written as follows for the first effect:
At the same time, vapour is generated by two mechanisms in effects 2 to N: boiling and flashing. The outlet brine of each effect enters the next effect and a small amount of vapour is associated for METVC due to dropping pressure. Another small quantity of vapour is associated for METVC in the flash box due to the flashing of distillate condensed in the previous effect. The mass flow rate of vapour for METVC in the flash box is calculated by the following equation [28] .
So, the energy balance equation of effects 2 to N can be written as:
The amount of total product of fresh water can be calculated as:
The cooling water flow rate is determined by the following equation:
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The heat load of the evaporator, condenser, and the specific heat transfer area can be calculated by the following equations, respectively:
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One of the most important characteristics of thermal desalination is the performance ratio (PR), the ratio of the mass of the produced fresh water to that of the consumed motive steam:
The model developed by reference [30] is used for the steam jet ejector. Tables 2 shows the verification of the METVC model. Figure 4 shows a schematic diagram of the RO desalination system. There are three main parts: high pressure feed pump, pressure vessel, and energy recovery unit to decrease pump consumption power. The pressure vessel comprises some RO membrane arrays. The number of these arrays ranges from 5 to 8 based on water concentration.
RO Desalination System
The assumptions regarding the model RO desalination system are as follows: -There is no chemical reaction.
-The process is performed at a constant temperature.
-The system is in a steady state. Mass continuity equations are presented below for water and salt:
where Q is the volumetric flow rate (m 3 /s), and subscripts f, c, and p are feed water, brine water, and permeate water, respectively. The following equation is employed to calculate water and salt fluxes [32, 33] :
where A is the effective surface of RO membrane arrays (m 2 ), ∆P is the pressure difference between feed water and final production, ∆π is the pressure difference in the membrane array, and Aw and Bs refer to the coefficients of water and solute permeability. The following equation is used to calculate them [34] : (24) where Tf-RO is the feed water temperature. Applying the Filmtec SW30HR-380 module to this approach and concentration distribution, the following experimental correlation is achieved [32, 35] :
The effective area is 35 m 2 for this type of module. Using the following equation, the osmosis pressure difference is achieved:
According to concentration polarization: (27) where k is the mass transfer coefficient and subscript b refers to bulk. By substituting Equation (24) in Equation (23) , the following equation is achieved:
The bulk concentration is linearly related to feed water and brine water concentrations:
In the above-mentioned equation, x and L refer to the distance (m) and length of element (m), respectively. The following equation is employed to calculate the final product concentration [32] :
The mass transfer coefficient is achieved in the channel of spiral wound modules as follows [34] : 
In the above equations, Sh, Sc, and Re are dimensionless numbers-Sherwood, Schmidt, and Reynolds. D, u, and b Q are the diffusion coefficient of salt (m 2 /s), mean fluid velocity, and average volumetric flow rate in the pressure vessel, respectively. The amounts kdc,w, l, hsp, dh, and ε are presented in Table 3 . 
The pressure drop is calculated as fluid passes in the membrane.
The mentioned equations form a non-linear system of equations can be solved using the input values. To achieve the final values of the flow rate, concentration of permeate, and brine water, this system of equations must be solved for each module in the pressure vessel. The input of the next module is the output of the pervious module. Thus, the final volumetric flow rate and concentration of permeate water are achieved as follows:
The specific consumption of RO desalination system is calculated as follows: Table 4 shows the product purity verification of the present model for ∆P = 63 bar.
4. Hybrid (Metvc+Ro) Desalination Plants
The following points need to be considered while connecting METVC and RO desalination units: -A rise in the RO feed water temperature leads to increased passage of mass flow rate through membrane modules. -The cost and concentration of the fluid flows must be calculated from one module as a feed fluid to the next. -The required electrical energy of the RO units is supplied by the gas turbine power plant. Six configurations were proposed Based on the inputs and outputs of RO and METVC desalination: 3. 4. 1. Configuration 1 Figure 5 shows the schematic diagram of configuration 1. The feed water of the RO system is the outlet water of the cooling system in METVC desalination. The main attributes of this configuration are higher temperature of cooling water related to feed water and its similar concentration to that of seawater.
4. 2. Configuration 2
The temperature of production of METVC and MSF units is significantly higher than feed water temperature. The higher temperature of production causes many problems in water transfer. In RO units, all the processes occur at a constant temperature. Figure 6 shows the schematic diagram of configuration 2. According to Figure 6 , the RO feed water gain heat passing through a heat exchanger from METVC production. So, the temperature of RO feed water increased. Figure 7 shows the schematic diagram of configuration 3. The difference between configuration 3 and configuration 2 lies in the inlet of heat exchanger. There is a heat transfer between the feed water of RO unit and the brine water of METVC in a heat exchanger. Figure 8 shows the schematic diagram of configuration 4.The brine water of METVC is directly utilized as feed water of the RO unit in configuration 4. Partial or full mixture of METVC brine water with sea water leads to a desirable concentration of RO unit feed water. The higher concentration of RO unit feed water affected the economic aspects of the system. Figure 9 shows the schematic diagram of configuration 5. Unlike the previous configurations, the brine water of the RO unit is mixed with seawater and utilized as feed water in the METVC system. The more efficient performance of METVC system in desalination of higher concentration of brine water, is the advantage of configuration 5. The temperature of METVC feed water is equal to seawater temperature.
4. Configuration 3

4. 4. Configuration 4
4. 5. Configuration 5
4. 6. Configuration 6
In the configuration 6, the METVC+RO system are separately investigated and there is no mechanical and thermal connection between METVC and RO units. 
EXERGY ANALYSIS
Specific exergy (exergy of unit mass) is the summation of physical, kinetic, potential, and chemical exergy in the absence of nuclear, magnetic, and electrical effects and surface tension [36] 
In the above equation, x is the molar ratio of the k th component, and 
1. Desalination System
Enthalpy, and the entropy of water from thermodynamic properties data are applied to calculate the exergy of flows. Salt water enthalpy, and entropy are used to calculate saltwater exergy. In the above equation, mf denotes the water to salt mass fraction. Since salt water can be considered as diluted mixture, the entropy of salt mixture can be calculated as follows:
OPTIMIZATIONS
Due to gradient descent algorithms require satisfactory initial guesses for the parameters, for optimization process, a heuristic method is employed. In this study, genetic algorithm (GA) as a stochastic optimization method is applied. GA is a population-based optimization method used in searching for the best solution of a given problem based on the concepts of genetics, natural selection and evolution [37] .
1. Objective Functions 1. 1. Performance Ratio Maximization
In this study, performance ratio and exergy efficiency of the combined system are the main amount to determine the total efficiency of the system. These parameters have been chosen as objective functions to be maximized. Table 5 presents the decision parameters in the optimization process. Table 6 lists the constraints in the optimization process. Constraints 1-4 will be applied to both gas turbine cycle and METVC desalination optimization. Equation (5) is associated with maximum concentration of RO desalination brine, while Constraint 6 is related to the temperature constraint of RO feed water [14] . Also, it is assumed that the products of METVC and RO are mixed with each other, to reach a single product. The concentration of single product needs to be less than 250 ppm according to number 7 relation in Table 6 .
2. The Decision Parameters
3. Constraints
All mentioned configurations were kept in similar conditions and based on a single objective optimization. The METVC product is limited due to its energy supply from hot exhaust gas of HRSG. However, in terms of RO desalination the required energy is the electricity produced at a power plant. Thus, the optimum solution leads to the noticeable reduction in electricity consumption for RO desalination process. The fact is that the cost of RO product is generally cheaper than product of drinking water in thermal units. So, by choosing cost minimization as the objective of optimization, the optimum solution shows increase of RO production in METVC+RO system. Therefore, the presence of constraints is essential. The optimum water product was 70000 cubic meter per day due to the gas turbine cycle and METVC desalination optimization. This amount was considered as reference and the RO system constraints will be defined based on this value. In this regard, two approaches are considered for optimization:
4. Optimization Approaches 4. 1. First Approach
In this approach, the level of METVC product is constant at 70000 m 3 /day. The level of RO product is 50%, 75%, and 100% of the METVC product. Achieving a high level of production by the METVC unit is the main purpose of this approach.
The levels of the RO products are restricted, and they are 35000, 52500, and 70000 m 3 /day. Hence, the total products of two units are 105000, 122500, and 140000 m 3 /day, respectively.
TABLE 6. Physical Restrictions of Optimization Problem
Number Parameter
4. 2. Second Approach
In this approach, the level of the METVC product is not constant, and the economic and thermodynamic aspects of the two units are investigated. The total levels of products are considered the limitation, and they are 105000, 122500, and 140000 m 3 /day.
RESULTS AND DISCUSSIONS
The optimization results of various configurations are presented according to the first and second approaches. As stated in previous sections, the results were based on the PSO algorithm due to the superiority of this algorithm over GA. It is repeated in each stage in order to reach optimal solution. Moreover, the initial population was reported between 2000 and 14000, and the number of repetitions stood at 2000-4000 variable times. The basis of changing the mentioned parameters lies in obtaining more accurate responses due to the high volume of modelling, the high number of decision parameters, and the frequent presence of constraints. Hence, each computing code ranges from almost 60 to 900 minutes. So, long hours were spent to reach optimum solution for each configuration. Due to the mentioned issues, optimal solutions were ensured after reaching the results and processing.
1. Frist Approach Results
In this section, the exergy efficiency of the METVC+RO system is investigated. Figure 10 shows the exergy efficiency of all configurations in product capacity of 140000 m 3 /day. According to this figure, configurations 1 and 2 have the maximum and minimum exergy efficiency, respectively. As the METVC and RO units have the same product mass flow rate, the product quality is important. So, product exergy is an effective and important factor in exergy efficiency. The higher temperature and lower concentration of the product cause exergy increase. In configuration 1, product temperature and product exergy are higher in the METVC unit and RO unit, respectively. In configuration 2, the final product temperature is higher in the RO unit. However, the heat transfer between the METVC product and RO unit feed water leads to a decrease in temperature and exergy. The RO product temperature in configuration 3 is higher than in configuration 4. In configuration 3, the heat transfer of brine water of METVC has causes a decrease in temperature. The temperatures of the RO product in configurations 5 and 6 are the same as seawater temperature and the exergy efficiency is lower than configuration 1. Figure 11 shows RO-unit specific power consumption for producing 1 m 3 permeate water for all configurations. In order to recovering pressure of outlet brine, an energy recovery system utilized which decreases energy consumption of high pressure pump. According to Figure 11 , configurations 5 and 1 have the maximum and minimum energy consumption, respectively. The difference of energy consumption is related to pumping energy consumption since the level of product is constant in these configurations. According to Figure 12 , the configuration with the minimum recovery rate consumes much feed water and electricity. Recovery (%)
2. Second Approach Results
The product constraint is applied to the total number of products of the METVC and RO units. The participation rate of each desalination unit must be determined in the first step. Figures 13 and 14 show the METVC and RO product contribution according to the optimized solution for each configuration in product capacities of 122500 and 140000 m 3 /day, respectively. The maximum METVC contribution is associated with configuration 2 and it is the 44% of the total number of products. The METVC contribution decreases in the other configurations; in configuration 5, it is 20% of total products. Figure 15 presents the METVC coefficient of performance in the first and second approaches. In the second approach, configuration 2 has the maximum coefficient of performance due to the higher contribution of METVC unit. 17 show the exergy efficiency of all configurations in the first and second optimized approaches at product capacities of 140000 and 122500 m 3 /day, respectively. Configuration 1 has the maximum exergy efficiency to 4.5%. In this configuration, the higher contribution of METVC unit leads to temperature rise in the product of METVC and RO units. So, exergy efficiency increases and there is an acceptable accordance with the results of the first approach. The reduction in contribution of the METVC unit results in a decrease in exergy efficiency. Figure 18 shows that the configuration 5 has the maximum electricity consumption for producing one cubic meter fresh water owing to a higher level of RO unit feed water supply. The other important factor is the higher RO contribution. Giving a better comparison, Table 7 shows the final value of the objective functions obtained through optimization for capacity of 140000 m3/day. Also, Table 8 shows the operational conditions of configuration 1 at capacity of 140000 m 3 /day. 
CONCLUSION
In this paper, the optimum integration of METVC+RO hybrid desalination and the gas turbine cycle were investigated. It was introduced a comprehensive model for the various sections of the cycle. Furthermore, six different configurations were defined for RO and METVC units. In addition, two optimization approaches were considered for each configuration. In the first approach, the METVC desalination product remained constant at 70000 m 3 /day. So, the METVC is capable to produce higher contribution of essential drinking water where the total product of the two desalination technologies was limited to 105000, 122500, and 140000 m 3 /day. In the second approach, the METVC desalination product was considered unconditional and the product of hybrid desalination system was limited to 105000, 122500, and 140000 m 3 /day. After developing thermodynamic modelling, the results of the first approach show that configurations 1 and 2 have the maximum and minimum exergy efficiency, and configurations 5 and 1 have the maximum and minimum energy consumption, respectively. In the second approach, configurations 1 and 2 have the maximum exergy efficiency and the maximum coefficient of performance, respectively. Therefore, based on the results, the first configuration is chosen as the most optimum system. This configuration possesses the highest exergy in both first and second approaches. 
